Our objective was to characterize changes in cell wall composition and digestibility of sugarcane bagasse, pith from bagasse, and wheat straw after treatment with alkaline hydrogen peroxide (AHPI. The AHP treatment solution contained 1 YO H202 (wt/vol) maintained a t pH 11.5 with NaOH. The H202 in solution amounted to 25% of the quantity of substrate treated. After treatment, residues were washed and dried. Detergent fiber composition, total fiber components (neutral sugars, uronic acids, Klason lignin, and noncore lignin phenolic acids), IVDMD, in vitro digestion kinetics of NDF, and monosaccharide digestibilities (24 and 120 h) were determined. Total fiber (TF) and NDF concentrations of all treatment residues were increased (P < .05) over control substrates by AHP because of greater losses of cell solubles than of cell wall constituents. Hemicellu1ose:cellulose ratio in NDF of treatment residues was decreased (P < .05) by AHP for all substrates, but the neutral sugar composition of TF did not agree with this preferential loss of hemicellulose components. Klason lignin, ADL, and esterified noncore lignin, especially ferulic acid, were reduced (P c .05) by AHP, whereas etherified noncore lignin composition was unchanged. Treatment increased (P < .05) IVDMD, extent of NDF digestion, and monosaccharide digestibilities of all crop residues. The rate of NDF digestion was increased (P e .05) for the sugarcane residues but not for wheat straw. Alkaline hydrogen peroxide improved crop residue digestibility, probably as a result of the removal of core and noncore lignin fractions.
Introduction
Crop residues are a major source of low-quality biomass that can be fed to ruminants. Chemical treatment, especially with alkali for graminaceous residues, has been examined extensively as a means of improving crop residue digestibility (Nicholson, 198 1) . Oxidative treatments degrade 'Current address: Dept. of h i m . Nutr., N.W.F.P. Agric. J. Anim. Sci. 1992 Sci. . 70: 2877 Sci. -2884 and(or1 remove more lignin than does alkali (BenGhedalia et al., 1983) . A treatment that includes both alkali and an oxidizing agent, alkaline hydrogen peroxide (AHPI, removed approximately half the lignin and increased wheat and barley straw in vitro digestibility by 30 to 300% (Lewis et al., 1988; Bhargava et al., 1989) .
Sugarcane bagasse and sugarcane pith, the residue after rind removal, are highly lignified byproducts of the sugar and paper industries, respectively (Muller, 1978) . The objectives of our study were to characterize the response of sugarcane bagasse and pith to AHP treatment, compared to wheat straw, in terms of changes in cell wall composition and digestion kinetics.
Materials and Methods
Substrates used were sugarcane bagasse, pith from bagasse, and wheat straw. Bagasse was obtained from a commercial sugar refinery in Florida and dried at 40°C for 7 d. Pith was fractionated from the bagasse by hammering and screening (6 mm) to separate the pith and rind portions; this process simulated what is done in the paper industry to isolate rind for pulping.
Wheat straw was collected from fields at the University of Minnesota, St. Paul. After thorough hand-mixing, each roughage was divided into two batches to form duplicate sources of each substrate for treatment with AHP. All substrates were coarsely ground (6-mm screen) before treatment and analyses. Substrates were treated with AHP as outlined by Kerley et al. (1985) . Treatment consisted of suspending 100 g of substrate and 25 g of H202 in 2.5 L of distilled water with NaOH to attain, and maintain, a pH of 11.5. The mixture was stirred at room temperature for 24 h. The insoluble residue was collected, washed with water until the effluent was neutral, and oven dried at 40°C for 7 d. Subsamples were dried overnight a t 100°C to determine DM and ashed at 450°C for 6 h to determine OM. All samples, including untreated controls, were ground to pass a 1-mm screen in a cyclone mill before analyses. Samples were analyzed for NDF, ADF, and ADL (12 M H2S04, ash corrected) by the sequential procedure (Van Soest and Robertson, 1980) . Sodium sulfite was omitted from the neutral detergent solution. Hemicellulose and cellulose were calculated as NDF minus ADF and ADF minus ADL, respectively. Crude protein was determined as Kjeldahl N x 6.25 (AOAC, 1975) .
Cell Wall Analysis
Starch-free, alcohol-insoluble residues were prepared and hydrolyzed essentially as described by Theander and Westerlund (1986) . Samples (.I to .2 mg) were suspended in acetate buffer (5 mL, .1 M , pH 5.0) with a thermostable a-amylase (.1 mL, 1,800 units) in plastic tubes with screw caps. These samples were incubated a t 90" C for 1 h. Amyloglu cosidase (.2 mL, 120 units) was added, and samples were incubated at 60°C in a waterbath for 3 h.
Fiber was precipitated in 80% (vol/vol) alcohol by addition of 95% (vol/vol) ethanol and held at 4OC overnight. Samples were centrifuged at 3,000 x g for 15 min. Residues were washed by resuspension and centrifugation with 80% (vol/vol) aqueous ethanol (2 x 15 mL) and acetone (15 mL), air-dried, and placed in a desiccator for 24 h at room temperature. Residues were treated with 12 M H2S04 (30°C, 1 h), then diluted to .4 M Has04 with water. Inositol was added as a n internal standard. Samples were centrifuged at 3,000 x g for 15 min and duplicate l-mL aliquots of solution were removed for uronic acid determination. Uronic acid content was determined colorimetrically after decarboxylation (Blumenkrantz and Asboe-Hansen, 1973;  Ahmed and Labavitch, 1977) . The remaining solution was autoclaved (1.41 kg/cm2, 1 h). Ten-milliliter aliquots of filtrate were neutralized with BaC03, deionized with cation and anion exchange columns, and frozen until they were analyzed for individual neutral sugars by HPLC according to methods described by Jung and Russelle (1991) . The insoluble residue, Klason lignin, was recovered by filtration through glassfiber filters ( 1 . 6 -p particle retention) in a coarseporosity Gooch crucible and corrected for ash content.
Additional samples of starch-free, alcohol-insoluble residues also were analyzed for esterified and etherified cell wall phenolics and for nitrobenzene oxidation products of the lignin polymer.
Samples (100 mgl were treated with 10 mL of anaerobic 1 M NAOH at 39" C for 24 h, in the dark, with occasional shaking, then filtered and washed with 5 mL of water. The combined filtrate was acidified with 85% (wt/voll H3P04 (pH 2.61, added to a Cle solid-phase extraction column as described by Jung and Shalita-Jones (19901;  cell wall phenolic acids were collected and later identified and quantified by HPLC (Jung et al., 1983) . The alkali-insoluble residue was oxidized with 10 mL of 2 M NaOH and 1 mL of nitrobenzene a t 160°C for 3 h, filtered, and washed with ether and water, and the filtrates were combined (Jung et al., 1983) . Nitrobenzene and its degradation products were removed by ether extraction of the filtrate and discarded. The aqueous layer was acidified, and phenolic products of oxidation were collected, identified, and quantified as described above (Jung et al., 1983; Jung and Shalita-Jones, 1990) . Esterified and etherified p-coumaric and ferulic acids were derived from the sequential alkaline and nitrobenzene extractions, respectively (Jung and Shalita-Jones, 1990; Lam et al., 1990) and were defined as the noncore lignin fraction. The aldehydes (p-hydroxybenzaldehyde, vanillin, and syringaldehyde) measured in nitrobenzene oxidation samples were considered to estimate core lignin polymer composition. Core lignin was defined as the lignin polymer, and both ADL and Klason lignin were considered estimates of core lignin concentration. Total fiber (TF) was defined as the sum of the neutral sugars, Klason lignin, esterified and etherified phenolic acids, and uronic acids.
In Vitro Digestibility Studies
Duplicate control and treated samples (500 mgl were placed in 50-mL plastic culture tubes with screw caps. Twenty-four milliliters of buffer b,c*dMeans in the same column that do not have a common superscript differ (P < .OS).
ezfMeans in the same column that do not have a common superscript differ (P .lo). (McDougall, 1948) and 6 mL of strained ruminal fluid were added to each tube. Ruminal fluid was collected from a lactating cow after a n overnight fast and filtered through eight layers of cheesecloth. The cow was maintained on a diet containing a 50:50 mixture of forage and concentrates. Forage consisted of 60% corn silage and 40% alfalfa hay. Tubes were incubated at 39°C and shaken occasionally. Incubations were halted after 0, 4, 12, 24, 48, 72, and 120 h. After incubation, samples were centrifuged at 3,000 x g for 30 min, and the supernatant fluid was discarded. Samples were frozen until analyzed for NDF. Other duplicate samples were fermented by the same procedure for 24 and 120 h to determine in vitro digestibility of the TF fraction. Total contents of these in vitro tubes were frozen immediately after incubation and lyophilized before analysis for cell wall components. In vitro digestibilities of NDF and TF monosaccharides were calculated from quantities in initial samples and in the residues after fermentation. Forty-eight-hour IVDMD also was determined (Tilley and Terry, 1963) for control and treated samples.
Statistical Analyses
A nonlinear regression model (Mertens and Loften, 1980 ) was used to calculate lag time, rate of digestion, and potentially digested NDF using the SAS NLIN (1985) procedure. Data were analyzed as a completely random design with a 3 x 2 factorial arrangement of treatments, including three substrates, two treatments, and their interactions. Treatment batches (n = 2) of each substrate served as experimental units. Means comparisons were done by the F-protected lsd test. For data on losses resulting from AHP treatment, the null hypothesis that losses equaled zero was tested by the Student's t-test. All calculations were done using SAS (1985) procedures.
Results and Discussion
Losses of OM, CP, and cell wall components as a result of AHP treatment of sugarcane residues and wheat straw are shown in Table 1 . Organic matter loss ranged from 31 to 45%, with differences (P c .05) among all substrates. Wheat straw exhibited the greatest (P < .051 OM loss. Losses of CP were very large (80 to 93%) and again greatest (P e ,051 for wheat straw. Cell wall loss from AHP treatment was evident both as NDF and TF. Loss of NDF was greater (P < .05) for the wheat straw than for the sugarcane residues, but substrates did not differ in TF loss (Table 1) . Loss of hemicellulose, estimated as NDF minus ADF, was least (P < .051 for sugarcane bagasse (36%) and greatest (P < .05) for wheat straw (60%). In contrast, sugarcane bagasse did not show loss (P > ,051 of hemicellulose estimated as the sum of non-glucose neutral sugars and uronic acids (NGLC), and the pith and wheat straw substrates did not differ (P > .05) in observed losses of hemicellulose estimated as NGLC (25 and 28%).
The substrates did not differ (P > .051 in loss of cellulose, but analysis methods gave different results for amount of cellulose loss (Table I) . A loss U, < .05) of cellulose, calculated as ADF minus ADL, was observed for all substrates, but cellulose estimated as cell wall glucose residues did not show a loss (P > .05) as a result of AHP treatment, possibly because of the large standard error associated with cell wall glucose determination. It is not possible to determine which analytical scheme for cell wall polysaccharides (detergent vs TF) provides the better estimate of cell wall polysaccharide losses from AHP treatment, because both methodologies have known confounding. The NDF residues are known to be contaminated with protein (Van Soest, 19821 , and ADF is contaminated with non-glucose cell wall sugars (Morrison, 1980) . Similarly, total cell wall glucose contains both 0-glucans and xyloglucans (Hatfield, 19891 in addition to cellulose. Lignin losses estimated as both ADL and Klason lignin were remarkably similar; losses from sugarcane bagasse were the least and those from wheat straw were the greatest ( Table 1) .
Large DM losses as a result of AHP treatment have been reported previously (Gould, 1984) . A recent modification of the AHP treatment has eliminated these losses by reducing reagent volumes and by direct spraying of AHP on the crop residue (Cameron et al., 1991) . This modification will result in the retention of CP and fermentable cell wall polysaccharides that were lost by the AHP treatment method used in our study.
A portion of all chemical components of the crop residues was removed during AHP treatment and subsequent washing; however, cell solubles and lignin were removed preferentially, resulting in a product that was severely depleted in CP and enriched in less lignified NDF ( Table 2) . Bas et al. (1989) discussed requirements for supplementation of AHP-treated straw with appropriate protein sources because of the low CP concentration of AHP-treated materials, as well as the low digestibility of crop residue protein. Cell wall concentration, as determined by the TF method (Table 31 , seemed generally similar to the NDF results ( Table   2) . Treatment with AHP resulted in increased (P < .051 NDF and TF concentrations of all crop bBagasse and pith differ from wheat straw (P e .05).
CWheat straw control and AHP treatments differ (P c ,051. (Jung and Russelle, 19911 , and its cause is under active investigation (Jung et al., 1991bl . The ADL concentration of the control wheat straw was considered to be unusually low for this crop residue bul was independently confirmed (D. R. Mertens, unpublished datal. We conclude that the low ADL resulted from the drought conditions during the year in which the wheat was grown. Uronic acid concentration in TF was decreased only (P e .05) in wheat straw. In general, the sugarcane residues were different from wheat straw, but these differences should not be overemphasized because only one source of each bagasse fraction and of wheat straw was available for our study. No attempt was made to sample the diversity in sugarcane or wheat residues that could result from differences in cultivar, growth environment, and so on. Hemicellulose (NDF minus ADF) content of NDF in the treatment residues decreased (P e .05) as a result of AHP treatment (Table 21 , which has been observed previously (Lewis et al., 1987) . However, no significant change in the molar proportions of the major cell wall neutral sugars (glucose, xylose, and arabinose) was found in TF as a result of AHP treatment ( Table 4) . Because delignified hemicellulose is highly soluble in neutral detergent (H. G.
Jung, unpublished data), the observed reduction in the hemicellulose content of NDF residues after AHP is probably a n artifact of the detergent system. The neutral sugar data indicate that AHP removed polysaccharide components relatively indiscriminately.
Composition of core (polymeric) lignin was apparently unaffected by crop residue source or AHP treatment. Total yield and molar proportions of aldehyde products of nitrobenzene oxidation of core lignin were not different among the three crop residues (data not shown). Core lignin composition data of Kerley et al. (1988) showed a n increased aldehyde yield and shifted molar proportions after AHP treatment of wheat straw, which differs from our results. The discrepancy between these data sets cannot be explained at this time.
In contrast to results for core lignin, composition of noncore lignin phenolic acids was changed by treatment ( Table 5 ). The molar ratio of pcoumaric:ferulic acid in the esterified fraction increased (P e .05) with AHP treatment, but etherified noncore lignin phenolics did not change (P > .05) in molecular composition as a result of treatment. Esterified ferulic acid decreased (P c .05) relative to the etherified form, whereas no shift was noted for p-coumaric acid. Noncore lignin composition indicated that esterified ferulic acid was removed by AHP to a greater degree than esterified p-coumaric acid, or the ether-linked form of either phenolic acid. Alkaline hydrogen peroxide treatment has been shown previously to remove both core and noncore lignin fractions (Kerley et al., 1986 (Kerley et al., , 1988 . Using NDF as a starting material, which gives lower yields of cell wall phenolics than a starch-free, alcohol-insoluble .o 1 &Ratio abbreviations: Esters = esterified p-coumaric/ferulic acid; Ethers = etherified pcoumaric/ferulic acid; PCA = esterified/etherified pcoumaric acid; FA = esterified/etherified ferulic acid.
bBagasse and pith differ from wheat straw (P c .05).
'Control and AHP treatments differ (P c .05).
Pith
Wheat straw residue (Jung and Shalita-Jones, 19901, Kerley et al. (19881 also found that esterified ferulic acid was removed more completely by AHP from wheat straw than was esterified p-coumaric acid.
Esterified ferulic acid has been shown in a model system to limit hemicellulose digestion more than does esterified p-coumaric acid (Jung et al., 1991al . Most p-coumaric acid is thought to be esterified to core lignin rather than to hemicellulose (Jung, 1989) . The process that may be most important to improving digestibility of cell walls, but cannot be determined from data collected in our experiment, is the removal of ferulic acid molecules that may cross-link lignin with hemicellulose via both a n ester bond through their carboxyl groups to arabinoxylan and a n ether bond to core lignin through their phenolic hydroxyl (Kondo et al., 19901. All measures of digestibility were increased (P < ,051 by AHP treatment (Tables 6 and 7) . Bagasse and pith IVDMD were more than doubled, and wheat straw IVDMD was increased by almost 4 0% (Table 61 . Untreated wheat straw was, however, as digestible as the treated sugarcane residues, which may be an artifact of the unusually high IVDMD of this drought-stressed wheat straw. The &Polysaccharide components in bagasse and pith are less digestible than in wheat straw (P < bThe AHP-treated substrates are more digestible than are controls (P e .051.
CDigestibility of polysaccharide component is greater after 120 h than after 24 h (P e ,051.
,051.
potentially digested NDF fraction was increased (P e .05) by AHP for all crop residues, but rate of NDF digestion was increased (P < .OS) only for the sugarcane bagasse and pith (Table 6) . Bhargava et al. (1989) observed that rate of DM digestion from barley straw was not increased by AHP. Lag time was not affected by treatment. Digestibility of all polysaccharide components was increased (P e .051 by AHP ( Table 7) . Potentially digested arabinose and uronic acids were digested so quickly that no increase (P > .05) in extent of digestion was observed between the 24-and 120-h incubation times. The AHP-treated wheat straw polysaccharides were essentially digested completely in 120 h. In agreement with NDF digestibility and IVDMD, cell wall monosaccharides of sugarcane residues were less digestible than those of wheat straw. Kerley et al. (1988) also reported that in vitro digestibility of AHP-treated wheat straw NDF monosaccharides was increased over that of control material. Unlike most other data on neutral sugar digestibility, xylose residues were at least as digestible as glucose residues in the materials included in our study ( Table 7) .
Implications
Alkaline hydrogen peroxide is a highly effective chemical treatment for improving digestibility of the fiber fraction in crop residues. Removal of core and noncore lignin fractions by alkaline hydrogen peroxide was associated with improved fiber digestion. Detergent and total fiber analytical methodologies gave conflicting results on cell wall polysaccharide losses resulting from chemical treatment. Losses of potentially digested polysaccharides are a serious concern in the soaking method of alkaline hydrogen peroxide treatment.
